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Abstract A new bioactive material of cobalt(II) with 5,10,15,20-tetrakis[4 (benzoyloxy)phenyl]

porphyrin (TPBP) and bpy ligands ([CoII(TPBP)(bpy)2] 1) has been synthesized and characterized

by Single-crystal X-ray diffraction (SCXRD), spectroscopic methods and quantum-chemistry calcu-

lations. In the crystalline structures of six coordinated Co(II) [CoII(TPBP)(bpy)2] 1, linear 1D poly-

meric chains were observed in which all the porphyrin units are aligned parallel to each other. The

crystal packing is stabilized by inter-and intramolecular C–H� � �O and C–H� � �N hydrogen bonds,

and by weak C–H� � �Cg p interactions. Interestingly, NBO–Second-order perturbation theory anal-

ysis, carried out at the UB3LYP/6-31G(d)/SDD DFT level of theory, demonstrated that a two-

center bond between the nitrogen atoms and the cobalt ions (Co) was not found, the Co–Npy/bp

interactions are coming from an electronic delocalization between the Npy/Nbp filled orbitals to

the anti-bonding LP*(4) and LP*(5) metal NBOs. Mass spectroscopy, and elemental analysis were

also investigated to confirm the molecular structure. The downfield shift and the peak broadening

of the axial ligand resonances observed in the 1H NMR indicated the contiguity to the paramag-

netic Co(II) center. Additionally, the photophysical properties have been evaluated by UV–visible
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absorption, and fluorescence emission spectroscopies. Finally, bioactivity investigations revealed

that free porphyrin TPBP, CoIITPBP and complex 1 could be used as potential antioxidant agents.

� 2019 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Porphyrin-containing metal complexes have received much

interest due to their structural diversity and wide applications
in gas storage, compound separation, chemical sensing and
heterogeneous catalysts [1–4]. Owing to conjugated configura-
tion, porphyrin and metalloporphyrin units are remarkable

precursors in supramolecular chemistry as excellent compo-
nents in the design of efficient molecular materials with
improved electrochemical and photo-physical properties [5].

Indeed, they are engaged in several projects, including molec-
ular wires [6], chemical sensors [7], semi-conductors [8],
photo-induced electron transfer [9,10], and solar photovoltaic

cells [11]. One interesting application of metalloporphyrins is
found in catalysis, where the metal center is used as an active
site [12]. In addition, recent in vitro studies demonstrated that
porphyrins are also effective against viruses and yeasts [13,14].

That is, the porphyrinic nucleus presents an efficient source for
the synthesis of a large number of antimicrobial and antioxi-
dant active agents [15–17]. In addition, several derivatives of

porphyrin have been developed as photosensibilizating agents
(PS) for photodynamic therapy (PDT) [18–20]. Over the last
few decades, many crystalline structures of porphyrins or met-

alloporphyrins have been reported whose optical properties
and crystal packing are governed by axial ligand coordination
modes [21]. Among the M(II)-porphyrins, the cobalt(II) por-

phyrins are most intensively studied compounds, since they
are more sensitive to light irradiation and have the ability to
change their oxidation state. [22]. Central cobalt atom in por-
phyrin frameworks can be bonded to one apical or two axial

ligands, as the coordination by one ligand yields monomer
and dimer assemblies, whereas coordination by two ligands
gives monomers and polymeric structures. Supramolecular

monomer complexes were obtained for cobalt(II) porphyrins
with monodentate ligands such as imidazole, dimethy-
laminopyridine, pyridine and piperidine [23–26]. Cobalt(II)

metalloporphyrins with bidentate bpy are generally existing
as polymer species [CoII(Porph)(bpy)2]n [27–29], and dimers
[Co(Porph)2(bpy)] [30]. As reported in the literature, 1D

coordination polymers [24,25] have been prepared whose
interlayer distance between porphyrin networks is controlled
by a suitable bidentate spacer bpy ligand, bridging adjacent
metalloporphyrin cores along the axial direction. Dey and

co-workers [31], described a one-dimensional polymers
([CoII(tn-OEP)(L)]n) with different types of ligands: 4,40-dia
zene-1,2-diyldipyridine or 4-(((pyridin-4-yl)methylene)carbono

hydrazonoyl)pyridine based on tetranitrooctaethylporphyrin
(tn-OEP). Theses complexes are emerging as candidates in
Photoelectrochemical and Photocatalysis Measurements [32].

In addition, our research group have a large experience on
the design and characterization of new metalloporphyrin-
based materials, in which bpy ligand was used {[M(porph)
(bpy)2]}n (M= CoII, MgII; porph = TpivPP, TPP, TPBP)
[25,33]. Recently, we also reported the preparation of new
meso-substituted porphyrin [MgII(TPBP)] (TPBP = meso-tet
rakis[4-(benzoyloxy)phenyl]porphyrin) by combining an ester

function comprising two benzene rings with a magnesium(II)
atom and two six-coordinate magnesium complexes [Mg
(TPBP)(L)2] (L = HTMA or DABCO) [16]. As the develop-

ment of ester functions with porphyrins have attracted much
attention thanks to their wide range of applications [34,35],
it was pointed out that these compounds possess interesting

activities against several bacterial species including Escherichia
coli, Staphylococcus aureus, Bacillus subtilis and Pseu-
domonas aeruginosa. In this paper, and in continuation of
our work on functionalization of meso tetra-arylporphyrins,

we combined the porphyrin framework CoII(TPBP) with nitro-
gen based ligand (bpy) to prepare a hexa-coordinated 1D lin-
ear polymer [CoII(TPBP)(bpy)2] 1. Synthesized complex was

isolated and structurally characterized by single crystal X-ray
diffraction (SCXRD) and natural bond orbital (NBO) compu-
tational approach. Physico-chemical properties have been

reported based on data from elemental analysis, infrared, pro-
ton nuclear magnetic resonance and mass spectrometry, UV–
vis absorption and fluorescence spectroscopies. Finally, the
antioxidant activity has been determined through scavenging

effect on DPPH and ABTS radicals.

2. Materials and methods

2.1. Syntheses and crystallization

Macrocycle of meso-tetrakis[4-(benzoyloxy)phenyl]porphyrin
(H2TPBP) was synthesized according to method described in
the literature [16,36]. The insertion of cobalt into porphyrin

molecule was done by the dimethylformamide method [37,38].

2.1.1. (meso-Tetrakis[4-(benzoyloxy)

phenyl]porphyrinato)cobalt(II) complex [CoII(TPBP)]

H2TPBP porphyrin (50 mg, 0.43 mmol) in 150 mL DMF was
heated at 150 �C. CoCl2 (200 mg, 8.6 mmol) was then added
and the reaction mixture was stirred until disappearance of

the starting material controlled by UV–vis spectroscopy
(2 h). After that, the solution was cooled to 50–60 �C and
H2O (50 mL) was added to it. After filtration, the crude

product was purified on silica gel column, using a mixture
CHCl3/Hexane (9:1) as eluent, to give after evaporation of a
brick red solid. Yield: 60%. 1H NMR [DMSO-6d,
300 MHz]: d (ppm) 12.52 (s, 8H, Hb-pyrrol), 9.23 (d, 8H,

J= 6.5 Hz), 8.55 (d, 8H, J= 8.20 Hz), 7.78 (d, 8H,
J= 8.7 Hz), 7.67 (m, 12H). UV/vis [kmax (nm) in CH2Cl2,
(log e)]: 412 (6.07), 528 (5.58). MS [ESI]: m/z calcd for

C72H44CoN4O8: 1152.0749, found: 1152.1142. Anal. Calcd.
for C72H44CoN4O8: C; 75.06; H; 3.8; N; 4.8. Found: C;
74.76; H; 3.7; N; 4.94. FTR-IR cm�1: 2964–2853

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(mCH porphyrin), 1731 (mC‚O ester), 1267 (mC–O ester), 1023
(dCCH porphyrin).

2.1.2. Synthesis of [CoII(TPBP)(bpy)2] (1)

[CoII(TPBP)] (20 mg, 0.017 mmol) and bpy (90 mg,
0.57 mmol) in 5 mL of dichloromethane (DCM) were stirred
overnight at room temperature and the color of the reaction

mixture changed from brick red to greenish-orange. Crystals
of the desired complex were obtained by slow diffusion of n-
hexane through the dichloromethane solution. 1H NMR

[DMSO-6d, 300 MHz]: dH (ppm) 13.02 (s, 8H, Hb-pyrrol),
9.35 (d, 8H, J= 6.8 Hz), 8.61 (d, 8H, J = 8.60 Hz), 7.88 (d,
8H, J = 8.4 Hz), 7.71 (m, 12H), 5.81 (d, 8H-ligand,

J = 6.4 Hz). UV/vis [kmax (nm) in CH2Cl2, (log e)]: 435
(5.75), 552 (4.49). MS [ESI]: m/z calcd for C82H52CoN6O8:
1308.3173 [M]+, found: 1308.3251. Anal. Calcd. for C84H54-

Cl2CoN6O8: C; 71.14; H; 3.90; N; 6.03. Found: C; 71.15; H;
4.00; N; 6.91. FTR-IR cm�1: FTR-IR cm�1: 3051 (mCH
bpy), 2843 (mCH porphyrin), 1740 (mC‚O ester), 1265 (mC–
O ester), 1060 (dCCH porphyrin), 800 (dNCH ligand).

2.2. X-ray crystal analysis of complex 1

Greenish-orange crystal with approximate dimensions

0.12 mm � 0.25 mm � 0.08 mm was selected for the X-ray
diffraction experiment. Data collection was performed on a
Bruker APEX-II diffractometer, equipped with graphite

monochromated Mo Ka radiation (k= 0.71073 Å) and inten-
sity data were collected by the narrow frame method at room
temperature. The structure was solved by direct method using

SIR-2004 [39] and refined by full-matrix least-squares on F2
using the SHELXL-97 program [40] and Data were corrected
for absorption effects by the Multi-Scan method [41]. Since
the dichloromethane solvent molecule was grossly disordered

and could not be modeled, its contribution was excluded using
the subroutine SQUEEZE [42].

2.3. Physical and spectroscopic measurements

1H NMR spectra were recorded on a Bruker AVANCE spec-
trometer (400 MHz). UV–Vis spectra were measured with a

Varian Cary 5000 spectrophotometer. Fluorescence spectra
and quantum yield measurements were performed using a Var-
ian Cary Eclipse luminescence spectrophotometer. Elemental

analyses were carried out using a Flash EA 1112 Series
Thermo Electron fitted with a Porapak column 2 m PTFE
+ MX5 microbalance Mettler Toledo. The Thermo Scientific
‘‘Q Exactive” mass spectrometer was operated under electro-

spray ionization (ESI) in positive mode with the following set-
tings: accelerating voltage 20 kV, grid voltage 62% of
accelerating voltage, extraction delay time of 100 ns.

2.4. Antioxidant studies

The antioxidant activity of the free-base porphyrin H2TPBP,

[CoII(TPBP)] and the [CoII(TPBP)(bpy)2] complex was evalu-
ated in vitro via their ability to scavenge DPPH and ABTS
radicals.
2.4.1. DPPH free radical scavenging assay

The DPPH assay was used for the free radical-scavenging

activity of porphyrin compounds. In the experiments, different
concentrations of our compounds were taken (prepared in
DMSO) and 4.0 mL of DPPH (0.004%) in methanol solution

was added to porphyrin compound mixture. After 30 min
incubation at room temperature, the absorbance was read
against a blank at 517 nm. DPPH radical scavenging activity

was calculated using the following formula:

% Inhibition of DPPH ¼ A0 � A1

A0

� �
� 100

where A0 was the absorbance of the control and A1 was the

absorbance of the presence of compounds. Vitamin C has been
used as standards and their scavenging ability was compared
with our results. IC50 (50% inhibition concentration) values

of porphyrin compounds and standard (Vitamin C) were also
calculated for comparison. IC50 value of the sample is the
required concentration to scavenge 50% of DPPH free

radicals.
2.4.2. ABTS free radical scavenging assay

The ABTS radical cation (ABTS+�) was produced by reacting

ABTS aqueous stock solution (2 mM) with 0.17 mM potas-
sium persulfate and allowing the mixture to stand in the dark
at room temperature for 16 h. Before use, this solution was

diluted with ethanol to get an absorbance of 0.700 ± 0.020
at 734 nm. Various concentrations (100 mL) of the porphyrin
compounds (prepared in DMSO) were added to this solution
of ABTS. The absorbance was read against a blank at

734 nm. As for the antiradical activity, ABTS scavenging abil-
ity was expressed as IC50 (mg/ml). The inhibition percentage of
ABTS radical was calculated using the following formula:

% Inhibition of ABTS ¼ A0 � A1

A0

� �
� 100

where A0 is the absorbance of the control, and A1 is the absor-

bance of the sample. Vitamin C was used as an appropriate
standard.

2.5. Computational details

Density functional theory (DFT) calculations were performed
to investigate the natural bond orbital NBO and natural pop-
ulation NPA analyses starting from the experimental single-

crystal X-ray structure as input geometry. The Gaussian 09,
RevD.01 software package [43], was used for all calculations.
The molecular surface plots were visualized by GaussView

6.0 program [44] and The AVOGADRO 1.2.0 molecular
viewer [45]. The geometry optimization presented here was
accomplished in the gas phase, as a spin unrestricted open-

shell system, using Becke’s three parameter hybrid exchange
and the nonlocal correlation functional of Lee, Yang and Parr
(UB3LYP) [46–48]. A quasi-relativistic Stuttgart/Dresden
(SDD) effective core potential [49] was used on Co, and 3–21

basis set was used for all other elements. Frequency calcula-
tions on optimized geometry ensured that structures were min-



Table 1 Crystal data and structure refinement of complex 1.

Chemical formula C82H52CoN6O8

Formula weight 1308.23

Crystal system monoclinic

Space group P2/c

a [Å] 17.7767(5)

b [Å] 11.6320(4)

c [Å] 17.9779(6)

a [Å] 90

b [Å] 115.277(1)

h [Å] 90

V [Å3] 3361.51(19)

Z 2

Dcalcd. [g/cm3] 1.293

l [mm�1] 0.319

Max./min. transmission 0.975/0.955

F(0 0 0) 1354

Crystal size [mm] 0.25/0.12/0.08

T (K) 150

Unique data 7691

Unique obsd data 5290

Final R indices R1 = 0.0491, wR2 = 0.1453

784 N. Amiri et al.
ima (zero imaginary frequency) on the potential energy sur-
face. On the basis of this optimized molecular geometry, more

accurate energies were obtained by performing SP single-point
calculations with a larger standard basis set 6–31G(d)/SDD.

3. Results and discussion

3.1. Crystal structure description

The structure of [CoII(TPBP)(bpy)2] complex was isolated and
structurally characterized. Crystallographic data are
Fig. 1 The building repetitive unit of [CoII(TPBP
summarized in Table 1. The complex crystallizes in the mono-
clinic system and P2/c space group with a = 17.7767(5) Å,
b = 11.6320(4) Å, c = 17.9779(6) Å, b = 115.277(1)�,
V = 3361.51(19) Å3, Z = 2. Selected bond distances and
angles are listed in Table S1. In the title Cobalt(II) complex,
the asymmetric unit presents one half [CoII(TPBP)(L)]

(L = bpy) complex ion and one disordered dichloromethane
molecule as solvent. The disordered dichloromethane (DCM)
solvent in the lattice was not included in the refinement but

was taken care of by the SQUEEZE procedure. A view of
the repetitive unit is presented in Fig. 1. The coordination
sphere of Co(II) cation is described as distorted octahedron,
in which equatorial positions are occupied by four pyrrole

nitrogen atoms and the other two come from two N-donor
atoms of the bpy molecules (Fig. 2). Structural arrangement
along the a-axis and the crystal packing are presented in Figs. 3

and 4, respectively. As observed in previously reported poly-
meric structures [27,28,31,50], our framework consists of 1D
polymeric chain extending along the [0 0 1] direction (Fig. 4)

where the polymeric moiety maintains so-called ‘‘shish kebab”
like architectures, in which the cobalt centers are bridged by
bpy ligands, forming a linear Co-bpy-Co chain with the

Co� � �Co distance across the bpy ligand equal to 11.675 Å.
The Co atom is displaced toward one of two bpy ligands by
0.033 Å. This arrangement is similar to other described assem-
blies, based on CoIITPP unit, reported by Marijuan et al. [27]

and Mansour et al. [28]. The key structural parameters of some
characterized polymeric of cobalt(II) porphyrin complexes are
given in Table S2. The Co–Nax distances range between 2.265

(2) Å (Co1–N3) and 2.290 (2) Å (Co1–N4) indicating the
strong coordination of bpy to metalloporphyrin which seems
in agreement with Co–Nax bond length observed in

[CoII(porph)L] species with similar axial ligands. In
comparison with other polymeric (bpy)-magnesium porphyrin
complex, the Mg–Nax(bpy) distances is around �2.319 Å and

2.290 Å [33]. The bond lengths Co(1)–N(1) and Co(1)–N(2)
)(bpy)2] (1) (H atoms are omitted for clarity).



Fig. 2 Coordination geometries around Co1.

Synthesis, structure, photophysical properties and biological activity of a cobalt(II) 785
are 2.005(2) and 2.155(2) Å, respectively. These bonds are con-

sistent with those found in analogous six-coordinate com-
pounds [28]. The coordination complex assemblies strongly
depend on the selection of both metallic centers and bonded

ligands [51–53]. Among the multi-dentate N-donor ligands
whose coordination behavior has been studied is bpy which
is a fairly strong organic base and possesses two potential
nitrogen donor atoms. Besides interacting with metal ions,

bpy has the capability to form diverse molecular adducts and
supramolecular assemblies, due to its good H-bond accepting
behavior [54–56]. Here, we report the structure of

[CoII(TPBP)(bpy)2] complex, assembled by bpy in octahedral
coordination geometry. The first pyridyl moiety of bpy axial
ligand is 25.40�, and the bpy molecule is twisted with dihedral

angle 59.05� between the two pyridyl moieties. In general,
dihedral angle values in bpy complexes range from 24� to
58� [28,33,57–59]. Interatomic distances and angles describing
Fig. 3 1D chain linked by t
CoN6 octahedron are reported in Table 2. The Co–N distances
vary from 1.978 (17) to 2.290 (2) Å with an average value
<Co–N> = 2.134 Å. The N–N distances vary from 2.787

(20) to 3.044(24) Å with an average value <N–
N> = 3.030 Å and the angles N–Co–N vary from 88.72 (5)
to 91.28 (5)� with an average value <N–Co–N> = 90.03�.
The calculated distortion indices of angles and distances
according to Bohr’s method [60] are depicted in Table 2, giving
a measure of the regularity about the CoN6 coordination

environment. These values indicated a pronounced distortion
of the Co–N bonds, when compared to N–N distances and
N-Co-N angles [DI(Co-N) = 0.063, DI(N-N) = 0.035, DI
(N-Co-N) = 0.01]. Distortion of macrocycle for complex 1

has also been analyzed. Fig. 5(a) displays the detailed displace-
ments of each porphyrin core atom (in units of 0.01 Å) from
the 24-atom mean planes. According to the four types of

distortion shown by Scheidt and Lee [61], the top panel show
that porphyrin core of [CoII(TPBP)(bpy)] (1) presents major
ruffling (ruff) distortion (Fig. 5(b)), which is indicated by the

values of the meso-carbon atoms above and below the
porphyrin mean plane. The crystal structure of I mainly con-
tains the crystal packing of hydrogen bonds (C42–H42� � �N1)

and short distances between the carbon atom of
4-formylphenylbenzoate and the bpy ligand (Fig. 6, Table 3).

3.2. NBO–Second-order perturbation theory analysis

The charge delocalization interactions that occur between the
Co(II) central ion and surrounding ligand nitrogen atoms have
been thoroughly explored by a set of quantum-chemical calcu-

lations at the density functional theory level (DFT)
(UB3LYP/6-31G(d)/SDD). The Natural population analysis
was characteristically carried out to predict the valence elec-

tron configurations at the interacted atoms. The NPA-NBO
framework is the most suitable approach for atomic this issue,
since it is less affected by basis set variation. The existence of

both pyrrolic porphyrin (Npy) and bpy (Nbp) nitrogen as
he 4,40-bipyridine ligand.



Fig. 4 Projection along the c axis of the atomic arrangement.

Table 2 Bond lengths (Å) and angles (�) in CoN6 octahedron.

Co N1 N1i N2 N2i N3 N4

N1 1.982 (17) 3.964 (24) 2.816 (32) 2.787 (20) 2.995 (24) 3.044 (24)

N1i 178.87 (9) 1.982 (17) 2.787 (20) 2.816 (32) 2.995 (24) 3.044 (24)

N2 90.60 (7) 89.42 (7) 1.978 (17) 3.957 (29) 3.041 (25) 2.993 (25)

N2i 89.42 (7) 90.60 (7) 177.44 (10) 1.978 (17) 3.041 (25) 2.993 (25)

N3 89.44 (5) 89.44 (5) 91.28 (5) 91.28 (5) 2.265 (2) 4.555 (33)

N4 90.56 (5) 90.56 (5) 88.72 (5) 88.72 (5) 180 (1) 2.290 (2)

DI[Co-N] = 0.063 DI[N-N] = 0.035 DI[N-Co-N] = 0.01

Bold values indicate distances and angles between diametrically opposed atoms (relative to the cobalt atom).

Bold underline values indicate distances between Co and N atoms.

Italic values indicate distortion indices.
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bonded atoms offers an occasion to enrich the inquiry of elec-

tron donation tendency. Interestingly, the central cobalt(II)
cation has a formal d7 valence configuration, however investi-
gating the orbital populations we find the following electronic

arrangement [core] 4S(0.57)3d(7.75) 4p(1.21) 4d(0.02) 5p(0.04) as
17.99878 core electrons, 9.53093 valence electrons and
0.06585 Rydberg electrons. Additionally, all coordinated

ligand atoms have a valence electron configuration lower than
these expected as [core] 2S(1.41) 2p(3.70), [core] 2S(1.41) 2p(3.69),
[core] 2S(1.46) 2p(3.59) and [core] 2S(1.45) 2p(3.60) for N1, N2,

N3 and N4 respectively. These results indicated the transfer
of a significant amount of electron density from ligand units
to the cobalt(II) center. Therefore, the studied complex could
be described as ligand-to-metal charge-transfer (LMCT) com-

plex since the donations from ligand to metal are higher than
the back donation. The Co–Npy and Co–Nbp interactions were
carefully discussed through NBO–Second-order perturbation

theory. The second order perturbative energies E(2) corre-
sponding to potential donor–acceptor interactions between
ligand donor orbitals (NBO(i)) and metal acceptor orbitals

(NBO(j)) are reported in Table 4, the data were selected on
accordance of the symmetry. At first sight, we notice that the
studied system does not incorporate a bond BD (electron pairs

centered on two atoms) between the Npy/Nbp atoms and the
cobalt ions (Co), seeing that the Co–Npy/Nbp interactions are
coming from an electronic delocalization between the



Fig. 5 A diagram of the porphinato core showing, on the upper half, the structurally independent bond lengths and the numbering

scheme used throughout this paper for the atoms. On the lower half of the diagram, the numbered symbols for each atom is re-placed by

its perpendicular displacement, in units of 0.01 Å, from the mean plane of the porphinato core.

Fig. 6 Schematic representation showing the weak C32–H32� � �O3 intramolecular hydrogen bond, and the weak C–H� � �Cg p
intermolecular interactions in (1).
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Npy/Nbp filled orbitals to the empty anti-bonding LP*(4) and
LP*(5) metal orbitals. Visualizations of selected natural orbi-

tals involved in the Co–Npy and Co–Nbp interactions are given
in Figs. 7 and 8. The stabilization energies for p(N1–C4) ?
LP*(4)Co and p(N2–C6) ? LP*(4)Co are 7.35 and 7.62 kcal/-

mol, respectively. The lower interaction energies associated
with p*(N1–C4) ? LP*(4)Co and p*(N2–C6) ? LP*(4)Co
are found to be 4.88 and 4.99 kcal/mol, respectively. The larger

contribution to the stabilization of coordination system is
observed for LP(N3)/(N4) ? LP*(4)/(5)Co. The net E(2)

energies are 78.09 and 77.57 kcal/mol for Co–Nbp(3) and

Co–Nbp(4), respectively (Table 4). Moreover, we found from



Table 3 Inter- and intra-molecular interactions for 1.

D–H� � �A D–H H� � �A D� � �A D–H� � �A
C32-H32� � �O3 [i] 0.95 2.37 2.705(4) 100

C42-H42� � �N1 [i] 0.95 2.54 3.128(3) 120

C–H� � �Cg (p) H� � �Cg (p) C� � �Cg (p) C–H� � �Cg (p)
C20-H20� � �Cg8 [ii] 2.56 3.482(3) 162

C42-H42� � �Cg1 [iii] 2.79 3.620(2) 146

A = acceptor, D = donor, X = heteroatom, Cg = centroid.

Cg1: N1/C1-C4 five-member ring, Cg8: is the centroid of the N4/C42a-C42c six-member ring.

Symmetry codes: (i): x, 1 + y, z; (ii): 1 � x, �y, 1 � z; (iii); x, 1 + y, z.

Table 4 The second order perturbative energies E(2) corre-

sponding to donor–acceptor interactions between ligand donor

orbitals (NBO(i)) and metal acceptor orbitals (NBO(j)).

Donor NBO(i) Acceptor NBO(j) E(2) (kcal/mol)

p (N1–C4) LP*(4)Co 7.35

p* (N1–C4) LP*(4)Co 4.88

p (N2–C6) LP*(4)Co 7.62

p* (N2–C6) LP*(4)Co 4.99

LP(1)N3 LP*(4)Co 49.72

LP(1)N3 LP*(5)Co 28.37

LP(1)N4 LP*(4)Co 44.69

LP(1)N4 LP*(5)Co 32.88

LP: 1-center valence lone pair, *: Antibonding.
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the NBO analysis that other kinds of coordinative electronic
delocalizations occur although with lower energies, such us

LP(1)C9? LP*(5)Co (1.22 Kcal/mol), for r(C1–C2)? r*
(Co–N1) (1.17 Kcal/mol) and r(C6–C7)? r*(Co–N2)
(1.23 Kcal/mol).

3.3. 1H NMR spectroscopies

1H NMR spectral analysis was carried out at 300 K in DMSO
to investigate the structures of our compound. As previously

mentioned, the Hb-pyrrolic and aromatic protons of the meso-
phenyl rings of the free porphyrin resonating in the 8.91–
7.59 ppm domain (Fig. S1a). [CoII(TPBP)] in DMSO-6d has

paramagnetic properties due to 3d configuration of cobalt
Fig. 7 Visualization of the anti-bonding natural orbitals
(II), since signals of Hb-pyrrolic protons appear as broad sin-
glet at 12.52 ppm, and shifts were also observed of the aro-
matic protons of the meso-phenyl rings in a weak field to

9.23 and 7.67 ppm (Fig. S1b). The 1H NMR spectrum of
[CoII(TPBP)(bpy)2] (Fig. S1c) indicates that the b-pyrrole
protons resonate as a singlet at 13.02 ppm. The aromatic pro-
tons of the meso-phenyl rings resonate in the 9.35–7.71 ppm

range, which are slightly downfield (deshielded) compared to
[CoII(TPBP)] compound. The position and sharpness of the
1H NMR resonances clearly demonstrate the paramagnetic

nature of the complex, indicative of a Co(II) complex. The
bpy proton signals at 5.81 ppm are shifted upfield from the
analogous free pyridine resonances because of the ring current

effect, which clearly dictates its axial ligation to the metal
center.

3.4. Photophysical properties

3.4.1. UV–vis absorption spectroscopy

The UV–Vis spectra of the free-base porphyrin H2TPBP,

[CoII(TPBP)] starting material and complex 1 recorded in
dichloromethane are shown in Fig. 9. The kmax values of these
species are reported in Table S3 and compared to several other

meso-porphyrins – cobalt metalloporphyrins. The free-base
porphyrin macrocycle H2TPBP has demonstrated an intense
Soret or B band (corresponding to strongly allowed transition

to S2 state) at 419 nm and four weaker Q bands between 515
and 646 nm. The [CoII(TPBP)], exhibits electronic spectra,
which is slightly blue shifted compared to this of the free base,
with Soret and Q bands at 412 nm and 528 nm, respectively.

The number of Q bands decreases from four to a single band
of Co cation shared in the Npy/Nbp ? Co interactions.



Fig. 8 Visualization of the natural orbitals of the Npy and Nbp ligand donor atoms shared in the Npy/Nbp ? Co interactions.
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when going from the free porphyrin to the metalated one, in
agreement with the insertion of the cobalt in the porphyrin
core. On the other hand, for complex 1 the Soret and Q bands

values are at 435 nm and 552 nm respectively, the Soret band is
found to red shifted up to 23 nm along with the significant
bathochromic shift in their Q bands possibly due to an increase

in p-conjugation upon addition of bpy ligand. We notice also
that the kmax values of the Soret and Q bands for our cobalt
derivative are close to those of the species found in literature

[28].

3.4.2. Steady-state emission spectroscopy

The room temperature fluorescence spectra in dichloro-

methane (�10–6 mol L�1) are shown in Fig. 10. The values of
the fluorescence quantum yields (Uf) of the starting material
H2TBPP, metalloporphyrin [MgII(TPBP)], and synthesized

complex 1 were measured (Table S4). The fluorescence of the
B (Soret) band is attributed to the transition from the second
excited singlet state S2 to the ground state S0, S2 ? S0. The
Soret fluorescence is about 2 orders of magnitude weaker than

that of the S1 ? S0 transition of the Q band emission. When
the hydrogen atoms in the center of porphyrin ring are
replaced by metal ion, the fluorescence quenching is a well-

known phenomenon [62]. From Fig. 10 it can be seen that
the free base porphyrin upon excitation at 528 nm displayed
two emission peaks S1 ? S0 centered at 652 nm (S1 [Q

(0,0)] ? S0) and 719 nm (S1 [Q (0,1)]? S0) (Fig. S2a). Simi-
larly, [CoII(TPBP)] displays a main emission band at 653 nm
and a weaker band at 719 nm, upon excitation at 552 nm
(Fig. S2b). When excited at 550 nm, [CoII(TBPP)(bpy)2] com-
plex exhibits two split emission bands at 652 nm (S1 [Q

(0,0)] ? S0) and at 718 nm (S1 [Q (0,1)] ? S0) (Fig. S2c). It
is noteworthy that the values of kmax of the bands Q (0,0)
and Q (0,1) of the [CoII(TBPP)] ion and complex 1 are practi-

cally the same, which is similar to that in the free porphyrin
but with a lower intensity. The fluorescence characteristics of
cobalt(II) compounds are essentially consistent with those

already reported in the literature [63–66]. The accepted inter-
pretation is as follows: (i) the insertion of the cobalt in the por-
phyrin core has no effect in the position of the Q (0,0) and Q
(0,1) bands, (ii) The fluorescence intensities of cobalt(II) com-

plexes were much weaker than the free porphyrin because
cobalt weakened the fluorescence radiation [67]. The fluores-
cence quantum yields of H2TPBP, [Co

II(TBPP)] and complex

1 are 0.057, 0.032 and 0.036, respectively. These values are
lower compared to their corresponding Mg derivatives
[16,33]. This could be related to the paramagnetic nature of

Co center, which encourages intersystem crossing to the triplet
state, hence lowering fluorescence [68].

3.5. Antioxidant activity study

Numerous antioxidant methods and modifications have been
proposed to evaluate antioxidant activity and to explain how
antioxidant agents work. Among them, the 1,1-diphenyl-2-

picrylhydrazyl (DPPH) and 2,20-Azino-bis(3-ethylbenzothiazo



Fig. 9 UV–vis absorption spectra of H2TPBP, [Co
II(TPBP)], and [CoII(TPBP)(bpy)2] (1), in CH2Cl2 solution at concentrations around

10�6 mol L�1.

Fig. 10 Emission spectrum of H2TPBP, [CoII(TPBP), and

complex 1 as a 10�6 mol L�1 solution in dichloromethane.
Fig. 11 Radical-scavenging activity on DPPH radicals (%).
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line-6-sulfonic acid) (ABTS) radical assays are the most com-
mon methods used to determine the radical scavenging ability
of various samples. DPPH and ABTS radicals are related with
known inflammatory results and have been often used to inves-

tigate the potential antioxidant activity of compounds [69]
which may bear also a potential anticancer and anti-
inflammatory activity [70]. The ability of the free-base

porphyrin H2TPBP, metalloporphyrin [CoII(TPBP)] and the
[CoII(TPBP)(bpy)2] (1) to scavenge in vitro DPPH, ABTS

was evaluated in comparison to the vitamin C reference com-
pound (Figs. 11 and 12, Table 5).

3.5.1. DPPH free radical scavenging activity

In this method, the decolorizing rate of DPPH radical is mon-
itored at a characteristic wavelength in the presence of por-



Fig. 12 Radical-scavenging activity on ABTS radicals (%).

Table 5 IC50 values of porphyrin compounds (with and

without metal) for DPPH and ABTS scavenging assay. Vitamin

c was used as standard.

Compounds/

Standards

IC50 (mg/mL)

DPPH radical

scavenging

ABTS radical

scavenging

H2TPBP 3.318 2.678

[CoII(TPBP)] 0.317 0.121

Complex 1 0.364 0.044

Vitamin C 0.0088 0.038
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phyrin compounds. In its radical form, DPPH absorbs at
517 nm, but as it is converted to a non-radical form, the color
of the solution changes from purple to yellow and this can be

observed with a decrease in absorbance [71]. In the present
study, the scavenging activities of the free-base porphyrin H2-
TPBP, [CoII(TPBP)], the [CoII(TPBP)(bpy)2] (1) complex and

standard (vitamin C) against DPPH were evaluated. The per-
centage antioxidant activity results and IC50 values are given
in Fig. 11 and in Table 5 respectively. Various concentrations

of the experimental compounds were surveyed.
Studied samples showed radical scavenging activity which

increased with increasing of concentrations. For all

compounds tested at 1 mg/mL, the highest antioxidant activity
was obtained for [CoII(TPBP)] (57.00 ± 0.03%) and
[CoII(TPBP)(bpy)2] (59.00 ± 0.31%) compounds with respect
to H2TPBP free porphyrin (DPPH radical formation inhibi-

tion at 0.5 mg/mL). All tested porphyrin compounds showed
lower DPPH activity in comparison to standard vitamin C
(Fig. 11). As reported in the literature, all the cobalt com-

pounds are more active than the free ligands against DPPH
even against other transition metal complexes [72–74], and
DPPH radical formation inhibition percent reached

60%. Additionally, IC50 values, defined as the concentration
(mg/mL) of compound required for scavenging of DPPH
radicals by 50%, were estimated and shown in Table 5. IC50
values were determined by linear regression analysis using at
least five different concentrations in duplicate. The higher
IC50 values represent lower antioxidant activity. According

to the IC50 values, the lowest activity is observed for the
free-base porphyrin H2TPBP (3.318 mg/mL). On the contrary,
the Co(TPBP), starting material and the complex 1 shows a

high activity, and displayed nearly same IC50 values (0.317
and 0.364 mg/mL respectively), but it’s always lower than
the standard IC50 values of Vitamin C (0.0088 mg/mL). These

results are in line with the fact that the antioxidant activity of
the free-base porphyrin increases upon coordination to a metal
ion and this increase may be explained by acquisition of an
additional radical scavenging metal center by these com-

pounds, which causes an increase in these molecule’s ability
to stabilize unpaired electrons and therefore to scavenge free
radicals.

3.5.2. ABTS free radical scavenging activity

2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) is a
moderately stable nitrogen center radical known for its high

solubility as compared to the DPPH. ABTS cation is reactive
toward most antioxidants including Vitamin C, phenolics, and
thiols as well as with any compound that can give a hydrogen

atom or an electron. This radical is blue in color and absorbs
light at 734 nm. During this reaction, the blue ABTS radical
cation is converted back to its colorless neutral form. The

ABTS radical scavenging activities of the free-base porphyrin
H2TPBP and its corresponding cobalt compounds, are dis-
played in Fig. 12 and Table 5. The results were expressed in

terms of % inhibition and IC50.
As shown, % inhibition of the ABTS radical activity fol-

lowed similar pattern as for DPPH assay. The results revealed
that all compounds possess an inhibitory effect on ABTS+,

and the highest antioxidant activity was obtained for [CoII(-
TPBP)] and [CoII(TPBP)(bpy)2] complex. Moreover, the val-
ues were significantly increased with increasing of

concentrations. [CoII(TPBP)] ions showed 43.22 ± 0.24%
ABTS radical formation inhibition at 0.06 mg/mL which
slightly increased with increasing of concentration to attain

76.60 ± 0.04%. Moreover, complex 1 results 78.79 ± 0.32%
ABTS radical formation inhibition, at 1 mg/mL. These com-
pounds exhibit similar antioxidant activity than the standard
vitamin C (48.39 ± 0.02% and 79.67 ± 0.12% of inhibition).

IC50 values for the free-base porphyrin H2TPBP, and their
cobalt derivatives was determined and compared to that of
vitamin C. The results we obtained are the following: 2.678

for H2TPBP, 0.121 for [CoII(TPBP)], 0.044 for complex 1

and 0.038 for vit c. These compounds inhibited the ABTS
activity with an IC50 in the following order: vit c > complex

I > [CoII(TPBP)] > H2TPBP. The ABTS radical scavenging
of [CoII(TPBP)] and complex 1 are higher than that of the
free-base porphyrin H2TPBP. Moreover, the results obtained

against different radicals confirmed that cobalt complexes
are more effective to arrest the formation of ABTS radicals
than the DPPH radical.

4. Conclusions

In summary, novel cobalt(II) porphyrin compounds,
[CoII(TPBP)] and [CoII(TPBP)(bpy)2] (1) have been prepared

and characterized. Linear 1D polymeric chain was observed
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in the X-ray structure of the six-coordinate complex yielded a
so-called ‘‘shish kebab” like architecture and the bidentate
axial bpy ligand being aligned perpendicularly to the planes

of the porphyrin units. The supramolecular arrangement is
maintained by C32–H32� � �O3 intramolecular hydrogen bonds,
and weak C42–H42� � �Cg1 p intermolecular interactions. DFT-

NBO analysis confirmed that studied complex could be
described as ligand-to-metal charge-transfer (LMCT) complex.
Interestingly, second-order perturbation theory analysis

indicating that a two-center bond between the Npy/Nbp atoms
and the cobalt ions (Co) was not found, the Co–Npy/Nbp inter-
actions are coming from an electronic delocalization between
the Npy/Nbp filled orbitals to the empty anti-bonding LP*(4)

and LP*(5) metal NBOs. The UV–visible spectrum of 1 exhi-
bits red-shifted Soret band compared to the [CoII(TPBP)]
and the fluorescence data are practically the same as those of

known cobalt porphyrin complexes. The biological studies
reveal that synthesized compounds may be classified as antiox-
idant agents. Indeed, these complexes present a high antioxi-

dant activity with the ABTS assay.
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